Gradually it is getting clear that motor development -in particular balance control -in so-called "low-risk" preterm infants often differs from that in full-term infants. However, little is known on the etiology and pathophysiology of these problems. The aim of this study was to evaluate postural behavior during reaching by means of kinetic and kinematic measurements. Preterm infants (n ϭ 32) without cerebral palsy were investigated longitudinally at the corrected ages of 4 and 6 mo. Thirteen age-matched full-term infants served as controls. Cognitive and motor development were assessed by means of the quality of General Movements (GMs) at 4 mo and Bayley scales at 6 and 12 mo. The infants were lying supine on a forceplate reaching for a toy and the kinetics of the total body's Center of Pressure (COP) was measured in cranial-caudal and medial-lateral direction. The analysis focused on COP displacement, V max and oscillatory changes of the COP displacement during reaching. The kinematic analysis of reaching focused on movement units, V max and a compound kinematic variable reflecting the quality of reaching. The results showed that preterm infants showed a remarkable "still" postural behavior, which differed significantly from the mobile COP behavior of the full-term infants. More "still" postural behavior at 6 mo was associated with a better quality of reaching movements and with normal GMs at 4 mo. We concluded that "still" postural behavior is an adequate postural strategy of preterm infants. But it might be that this postural behavior is an indicator of later dysfunction. Gradually it is getting clear that motor development in so-called "low-risk" preterm infants often differs from that in full-term infants. It is especially the development of postural control that is reported to be different (1). For instance, lowrisk preterm infants have been reported to show hyperextension of neck and trunk (2, 3), a reduced amount of rotation during crawling, a delayed onset of independent walking and a poor quality of early walking behavior (4, 5). At school age the dysfunctions in balance control are expressed as problems in standing on one leg (6), poor hopping and clumsy walking (7).
Gradually it is getting clear that motor development in so-called "low-risk" preterm infants often differs from that in full-term infants. It is especially the development of postural control that is reported to be different (1) . For instance, lowrisk preterm infants have been reported to show hyperextension of neck and trunk (2, 3) , a reduced amount of rotation during crawling, a delayed onset of independent walking and a poor quality of early walking behavior (4, 5) . At school age the dysfunctions in balance control are expressed as problems in standing on one leg (6) , poor hopping and clumsy walking (7) .
However, little is known on the etiology and developmental pathophysiology of these problems.
To acquire knowledge on the pathophysiology of postural behavior during skill acquisition at early age, specific methods have been applied. Two recent studies indicated that postural muscle activity of preterm children differs from that of full terms. One study (8) evaluated postural activity in response to platform perturbations in sitting children aged 1.5-4.5 years. They reported that preterm children with and without CP, who had shown lesions of the periventricular white matter (PWM) on the neonatal ultrasound scans of the brain, exhibited a limited repertoire of postural adjustments. Preterm children with PWM lesions and those with normal ultrasound scans were less able to modulate postural muscle activity to initial sitting position. This modulatory capacity depends on the presence of internal representations, which are formed on the basis of prior experience (9) . As the preterm children also showed an increased sensitivity to velocity dependent stretch, it was suggested that in preterm children, a form of control during which feedback processes dominate has replaced the normal balance between feedforward and feedbackward control of posture. The longitudinal study of Van der Fits et al. (10) , in which postural muscle activity during reaching in various positions of full-term and preterm infants was assessed between the ages of 3 and 18 mo, confirmed the presence of a dysfunction in the capacity to modulate postural activity. The study also showed that preterm infants older than 4 mo activated more postural muscles during reaching than full term infants and that the postural adjustments of preterm infants were characterized by temporal disorganization. As yet it is unknown how the postural dysfunctions of preterm infants affect the quality of reaching behavior.
Recently we studied the relationship between postural control and reaching behavior in supine position in full-term infants (11) . The study revealed that at 4 mo of age the total body Center of Pressure (COP) displacement occurs especially in the medial-lateral direction and that COP displacement decreases significantly with increasing age. The reaching movements were evaluated with kinematic analysis, such as the number of movement units (MU), which are determined as peaks in the velocity profile of the reaching hand (12) , total reaching time and velocity. Like others (13, 14) , we found that normal development is characterized by a decrease of the number of MU, a decrease in reaching time and an increase of the relative size of the first MU. The better reaching performance at 6 mo was related to a better postural stability. In another study we found that the kinematic quality of reaching movements of high-risk preterm infants without CP was less optimal than that of full-term infants (15) . The aim of the present study is to assess whether this worse quality of reaching is related to a less adequate control of posture. Such knowledge is indispensable for the development of effective intervention strategies for preterms with problems in the control of reaching and prehension. Our specific aim was to evaluate postural behavior during reaching in high-and lowrisk preterm infants without cerebral palsy at the corrected ages of 4 and 6 mo. The ages of 4 and 6 mo were chosen because at 4 mo successful reaching is emerging and at 6 mo the first fast developmental phase of reaching has ended (13) . The infants were investigated while they were lying on a forceplate. We addressed the following questions: 1) Do preterm infants at the corrected ages of 4 and 6 mo differ from full terms in postural activity during reaching in terms of displacement and V max of COP? If they do 2) are any differences related to birth characteristics or morbidity during the stay in the neonatal ward, including mild abnormalities present on the ultrasound scan of the brain and the quality of general movements at the age of 4 mo? 3) Are any differences in COP behavior related to the infant's achievement on clinical test of neurodevelopmental performance, such as the scores on the Bayley scales (16), at the ages of 6 and 12 mo? 4) What are the relationships between the displacement and velocity of the body's COP and the kinematics of reaching in terms of number of MU, hand displacement, velocity of hand displacement and kinematic reaching quality at 4 and 6 mo?
METHODS

Subjects.
The preterm infants were recruited from three hospitals covering the city of Oslo (Ullevaal, Aker) and the nearest county (Akershus) at 36 wk postmenstrual age. Gestational age at birth was based on the date of the last menstrual period and confirmed by ultrasound measurement during early pregnancy. The primary inclusion criteria were a birthweight below 1750 g and a mother speaking either a Scandinavian language or English. Infants with serious illness at 36 wk or with cystic periventricular leukomalacia or intracranial hemorrhages extending into the parenchyma were excluded. This resulted in a group of 88 infants. After inclusion, two parents denied further participation, and families of four infants moved out of the area. Eight infants were excluded at a later stage because of serious illness or cerebral palsy, leaving the study with 74 infants. The absence of serious CNS conditions (cerebral palsy) in the infants included in the study was confirmed at a follow-up at one year consisting of a clinical examination and a Bayley assessment, and further during a recent follow-up at the age of five years, which included a detailed neurologic assessment according to Touwen (17) . The group of 74 preterms was divided into a high-risk (HR) and a low-risk (LR) group. High-risk was assigned in case the infant had experienced one or more of the following risk factors: 1) Apgar score at 5 min Ͻ 3, 2) at least one of the following respiratory problems: a) respiratory illness needing surfactant-treatment, b) Ͼ1 wk of mechanical ventilation, c) pneumothorax, d) persistent ductus arteriosus. The diagnosis persistent patent ductus arteriosus was based on clinical and echocardiographic data (18) . Four infants had a retinopathy of prematurity (ROP), one a grade 1, two a grade 2 and the fourth a grade 3. None of the infants had a ROP plus disease (19) .
We aimed at recording reaching movements of all infants at the corrected ages of 4 and 6 mo. The particular ages were chosen because at 4 mo the reaching is newly acquired. At the age of 4 mo successful kinetic recordings were obtained in 32 infants. No kinetic data were available in the rest due to absence of reaching behavior (n ϭ 10), technical problems (n ϭ 13), artifacts in the forceplate data (n ϭ 12), minor illnesses (n ϭ 3) and family holidays (n ϭ 4). At 6 mo successful recordings were obtained in 31 infants. Kinetic data were missing due to absence of reaching behavior (n ϭ 1), technical problems (n ϭ 19), artifacts in the forceplate data (n ϭ 10), minor illnesses of the child (n ϭ 6) or parental holidays (n ϭ 7). The neonatal characteristics of the 42, respectively, 43 infants in whom no kinetic data could be recorded did not differ from those of the 32, respectively, 31 preterms in whom the kinetics could be obtained at 4 and 6 mo. Neither did neonatal characteristics of the infants who could reach differ from the "nonreachers" at a particular age. The clinical data on the studied infants are summarized in Table 1 .
Thirteen healthy infants born at term (FT), who participated in a similar project on the development of reaching and postural control, served as control infants (11) . These infants who 827 were recruited at Ullevaal Hospital in Oslo, were born at a mean gestational age of 40 wk and 6 d with a mean birthweight of 3878g (SD Ϯ 442). The Ethics Committee of region 1 of Norway approved the study, and all parents signed informed consent before participation.
Procedure. The infants were placed in supine position on the forceplate on a folded towel, with the cranial-caudal orientation of the infant aligned parallel to the length of the forceplate, and with a toy at reaching distance above the chest. The kinetics was recorded by either an Amti force plate, or a Kistler force plate. Both plates were 40 ϫ 60 cm and measured ground reaction forces with a sampling frequency of 1000 Hz. The kinematics of the reaching movements was recorded with either the MacReflex movement analysis system (Qualisys, Sweden) or the Peak Performance Movement Analysis System (Peak Performance Technologies, Inglewood, CO, U.S.A.). Four cameras were mounted perpendicular to each other, allowing for a view of both right and left side (3-D) for the collection of kinematic data. To record the reaching movements spherical reflective markers with a diameter 2.5 cm were attached to the back of both hands and the toy. Three successful reaching movements (contact with the toy) were recorded per infant. Care was taken that the child was in a noncrying, alert behavioral state during reaching. The force plate and the kinematic data were recorded simultaneously and time-coupled for 15 s (11). Table 2 shows the number of trials analyzed.
Neonatal morbidity of the children was collected in a standardized way. In 67% of the infants' data on serial neonatal ultrasound scans of the brain were available. The scans were made with a 7.5 MHz transducer. Periventricular hemorrhages and echo densities were classified according to the methods of Levene (20) and Jongmans (21) ( Table 1) .
To assess the quality of brain function at early age, the quality of general movements (GMs) in supine position was assessed at 4 mo of age. By analyzing video-recordings of spontaneous behavior (3-5 min), the quality of GMs was classified into normal, mildly abnormal or definitively abnormal movements according to Hadders-Algra et al. (22) by the last author who at the time of GM-assessment was blind to the infants' clinical status, reaching and postural control data. Inter-rater reliability of this assessment is high (kappa 0.81) (22) The infant's level of motor (PDI) and mental development (MDI) was quantified with the Bayley Scales of Infant Development (16) at the corrected ages of 6 and 12 mo. The assessors were blind to neonatal histories and high-and lowrisk allocation.
Analysis. The data from the two forceplate and the two kinematic systems were processed in an identical way. They COP, center of pressure; PT-LR, low-risk preterm; PT-HR, high-risk preterm; FT, fullterm. At 4 mo 32 PT infants were tested, and 31 infants at 6 mo, note that some infants were only tested at 4 mo or only at 6 mo of age.
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were exported for further analysis to a custom made program (M. Guttormsen, Norwegian University of Sports and Physical Education, Oslo). The COP data were filtered with a 2nd order Butterworth filter at 20 Hz. COP was calculated separately in two directions: cranial-caudal (c-c) and medial-lateral (m-l).
The following parameters were calculated: 1) The total COP displacement during the reaching movement, defined as the real distance traveled by COP during the reaching period.
2) The V max of COP displacement, determined from the derivative of the displacement curve.
3) The number of directional changes (oscillations) in the COP displacement in c-c and m-l direction. The oscillations, which consisted of two directional changes in the COP displacement of Ͼ2 mm, were visually identified on the graphical displacement curve. 4) A directional index of the three COP-parameters was calculated by dividing the COP value in m-l direction by the one in c-c direction.
Reaching onset was defined as the video frame when the reaching arm started to move toward the toy and reaching ended when the hand touched the toy, which was indicated by an increase in the velocity profile of the toy. The MUs were distinguished with the help of the hand velocity peak profile (13) . The MUs were defined from the velocity profile by three characteristics: 1) at the beginning of the unit the velocity had to increase by 20 mm/s; 2) the velocity peak of the MU had to be higher than 10% of the V max for the whole trial; 3) the local maximum of a velocity peak was defined as the highest peak between three frames to each side. The kinematic data were filtered with a zero phased forward/backward 2nd order Butterworth filter with cut-off frequency of 6Hz. The analysis of the reaching movements focused on 1) the number of movement units (MU).
2) The length of the first MU relative to total movement path; 3) the duration of the first MU relative to total movement time; 4) maximal hand velocity during each reach; 5) total movement time; 6) the quality of reaching where reaching movements were classified on the basis of V max and the number of MU. Based on the performance of the full-term infants (15), the reaching movements at 4 mo were considered to be optimal, when they had a medium velocity (301-800 m/s), irrespective the number of MU. At 6 mo the criteria for optimal reaching movements were a medium velocity combined with the presence of only a few, i.e. less than 3.5 MU (15) .
Statistics. For the various COP and kinematic parameters individual median values were calculated for each infant at each age. To evaluate the effect of age on postural development, and the differences in COP behavior between the three groups, the nonparametric Mann-Whitney test was used. Mann-Whitney was used instead of Wilcoxon because of missing data at both ages. Wilcoxon was performed for comparisons between COP displacement directions.
For the analysis of relationships between neonatal condition and COP-behavior, the neonatal data were dichotomized (condition present or absent) and analyzed with the Mann-Whitney test. The relationships between COP-behavior and a) the reaching behavior and b) performance on the clinical tests were evaluated with Spearman rank correlation. The relative importance of anthropometrics and group (FT or PT) membership on COP behavior was calculated by multivariate regression analyses. Statistical calculations were performed with SPSS version 11. Differences with p-values Ͻ0.05 were considered to be statistically significant (two tailed). For the large number of correlations the level of significance was set at 0.01 to avoid the risk of making a type I error.
RESULTS
Total body center of pressure behavior in preterm infants.
COP behavior of the preterm infants differed markedly from that of the full terms, while that of LR and HR preterms did not differ significantly from each other. At 4 mo the total displacement of COP and the number of COP oscillations in both c-c and m-l directions of the preterm infants were significantly less than those of the full term infants ( Fig. 1 and 2 ). Also maximum COP velocity differed between the groups, with the full 
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terms exhibiting higher COP velocities in both directions than the preterms (Fig. 3) .
In the full term infants COP behavior changed significantly between 4 and 6 mo. (Fig. 1 and 2 ). Median displacement changed from 4.2 to 3.0 cm in the c-c direction (p ϭ 0.02) and from 8.9 to 5.2 cm in the m-l direction (p ϭ 0.03). Likewise the median number of COP oscillations decreased with increasing age from 2.25 to 1.25 in the c-c direction (p ϭ 0.01) and from 3.5 to 1.5 in the m-l direction (p ϭ 0.001), while V max of COP did not change with age (Fig. 3) . In both preterm groups COP behavior did not change significantly between 4 and 6 mo.
Despite the fact that the full term infants did show an age-related reduction of COP motility and the preterm infants did not, preterm infants continued to have lower values in total COP displacement ( Fig. 1 ) and in V max (Fig. 3) . LR infants showed significantly less oscillations than full term infants at 6 mo, (p ϭ 0.03 in m-l and p ϭ 0.007 in c-c) but the HR infants did not differ from the full term infants (Fig. 2) .
Another difference in COP behavior between full term and preterm infants was observed in the relation between displacement in medial-lateral and cranial-caudal direction. At 4 mo the full term infants showed longer COP displacements and higher COP velocities in the m-l than in the c-c direction (displacement and velocity p ϭ 0.01, Fig. 1 and 3) . In contrast, the LR infants at 4 mo had shorter displacements and lower velocities in the m-l than in the c-c direction (p ϭ 0.003 and p ϭ 0.05, respectively). The HR infants did not show directional differences in COP-behavior at 4 mo. At 6 mo, this group specific directional behavior of COP was virtually the same. The full-terms continued to have longer displacements (p ϭ 0.009) and somewhat higher velocities (p ϭ 0.07) in the m-l than in the c-c direction. In the LR group the opposite behavior persisted: shorter displacements (p ϭ 0.005) and lower velocities (p ϭ 0.002) in the m-l direction. The HR infants continued to perform without directional differences.
Clinical data and COP behavior in the preterm infants. We wondered whether the differences in COP behavior between the full term and preterm infants could be explained by differences in anthropometrics. At 4 mo the full term infants were significantly heavier (p ϭ 0.001) and longer (p ϭ 0.001) than the preterm infants (median weights FT ϭ 7350 g, LR ϭ 5600 g HR ϭ 5320 g; median lengths FT ϭ 65.5 cm, LR ϭ 60 cm, HR ϭ 58 cm). At 6 mo the full term infants were still heavier (p ϭ 0.001) and longer (p ϭ 0.02) than the LR infants, but the difference in body size between the full term and HR infants had disappeared (median weights FT ϭ 8235 cm, LR ϭ 6245 g, HR ϭ 8000 g; median lengths FT ϭ 68 cm, LR ϭ 64.5 cm, HR ϭ 67.5 cm). Regression analyses revealed that groupmembership (full term or preterm) outweighed the effect of body size, leaving no significant contribution of body weight and body length on COP-behavior.
Birthweight, being small-for-gestational age, i.e. having a birthweight at or below the tenth percentile, or the need of mechanical ventilation were not related to COP behavior. A gestational age of less than 28 wk at birth did not affect COP behavior at 4 mo, but it did affect COP behavior at 6 mo. The infants born before 28 wk showed a longer COP displacement (p ϭ 0.003) and a higher velocity (p ϭ 0.01) in the m-l direction and more oscillations in c-c direction (p ϭ 0.04) than the infants born at or after 28 wk. The few preterm infants who had shown mild abnormalities on the neonatal ultrasound scans (Table 1) did not differ significantly in their COP behavior from those who had had a normal ultrasound scan.
The quality of GMs in the preterm infants at 4 mo was not related to postural behavior at 4 mo, but it was related to postural behavior at 6 mo. None of the infants had definitely abnormal GM's at 4 mo. Preterm infants with normal GMs (n ϭ 20) showed a smaller COP displacement in the m-l direction (p ϭ 0.04) and less oscillations in the c-c direction (p ϭ 0.009) than infants with mildly abnormal (n ϭ 11) GMs. In addition, the infants with normal GMs had lower values of the directional indices of displacement and velocity, i.e. lesser degrees of COP-behavior in the m-l direction, than infants with mildly abnormal GMs (p ϭ 0.02).
COP behavior at 4 and 6 mo was not related to the Bayley scores at 6 or 12 mo in any of the three groups. In summary, our data indicate that COP behavior at 4 month was not related to clinical characteristics, but COP behavior at 6 mo was. Less COP motility at 6 mo was related to a gestational age at birth of 28 wk or more and to the presence of normal GMs at 4 mo.
COP behavior and reaching variables. In the 4 mo old full term infants COP behavior and reaching characteristics were related. This was indicated by a significant relationship between the COP displacement in the m-l direction and the duration of reaching, between the number of oscillations in m-l direction and the duration of reaching and the number of MU. The number of oscillations in c-c direction was related to the length and time of 1st MU (Table 3) .
Despite the rather small displacements seen in the preterm infants, COP displacement was related to reaching activity. In the 4 mo old LR preterm infants COP displacement in m-l direction was correlated to the relative length and duration of the first MU. In the HR group COP displacement in m-l direction was related to the duration of reaching and the number of MU. When the two preterm groups were pooled, similar relationships were found between COP behavior and the kinematics of reaching (Table 3) . None of the COPparameters at 4 mo were related to the quality of reaching movements at that age.
At 6 mo the quantitative reaching variables and COP were less coupled than at 4 mo. The only relationship that was found was the one between reaching velocity and COP velocity in m-l direction. This relationship was statistically significant in the LR infants, approached significance in the full term infants and was not significant in the HR infants (Table 3) . In contrast to the virtual absence of a relationship between COP behavior and the quantitative kinematic parameters of reaching, COP behavior at 6 mo was related to the quality of reaching. The LR infants who showed an optimal kinematic reaching quality had a shorter COP displacement in both directions (p ϭ 0.02), lower COP velocities (c-c: p ϭ 0.02 and m-l: p ϭ 0.04), and less oscillations (m-l: p ϭ 0.001). In the HR and full term groups COP behavior and the quality of reaching were not related. This was due to the fact that the majority in the HR group showed nonoptimal reaching movements and the majority in the full term group showed reaching movements with an optimal kinematic quality. When both preterm groups were pooled, the infants with optimal reaching quality had a shorter displacement in both directions (p ϭ 0.02 and 0.03, respectively) and a lower velocity and less oscillations in the m-l direction (p ϭ 0.02 and p ϭ 0.001, respectively).
DISCUSSION
The present study demonstrated that postural behavior of preterm infants during early infancy differs markedly from that of full term infants. In contrast to the mobile COP behavior exhibited by full term infants during goal directed reaching in supine, preterm infants present with a "still" or nearly motionless postural behavior. The relatively fixed postural behavior of the preterms could not be explained by the fact that their body proportions were smaller than that of the full-terms.
The major question is whether this "still" COP behavior can be regarded as an expression of neurologic dysfunction or whether it should be interpreted as a profitable form of adaptation to the extrauterine environment by the very preterm infant. Our data, in particular the COP-data at 6 mo, favor the second explanation. First, "still" COP behavior at 6 mo was related to the presence of normal GMs at 4 mo. Previous studies indicated that the quality of GMs reflects the integrity of brain function (23, 22) . Thus, "still" COP-behavior at 6 mo seems to be related to relatively normal brain function. Second, less postural motility during reaching at 4 mo in supine was related to better quantitative characteristics of reaching, such as movements with a shorter duration, fewer MUs and a proportionally larger transport unit, and "still" COP behavior at 6 mo was related to a better quality of reaching. Third, a gestational age at birth of less than 28 wk, which in general is related to a less favorable neurologic outcome than birth after that age (24, 25) , was related to more mobile COP activity at six months.
Thus we may argue that the "still" COP behavior, especially at 6 mo of age is a form of neuromotor adaptation in response to the early demands of the extrauterine environment. An adaptation which consists of an active reduction of the degrees of freedom in the body, in particular in the medial-lateral direction, and which is associated with an excess of activity in the postural muscles (10) . An adaptation which can be interpreted as functionally adequate in early infancy, as it results in better reaching possibly by securing the position of the head and shoulders as a stable frame of reference. But it is conceivable that this early postural adaptation may be related to less adequate motor behavior during further development, i.e. to the reduced capacity of preterm children to fine tune postural behavior to specific conditions and to learn from motor experience as found by others (10, 8) . This might mean that the postural behavior of the preterm infant, even though it is favorable at early age, is a marker of later neuromotor dysfunction. In this respect it is interesting that COP-behavior was not related to mild abnormalities present on the neonatal ultrasound scans of the brain. Of course it should be kept in mind that ultrasound data were only available in about 60% of the infants. Nevertheless, a similar absence of relationships between ultrasound findings and minor developmental disorders has been reported before (8, 10) . It could be surmised that the nonoptimal motor behavior of some preterm infants is an expression of mild abnormalities of the brain, which escape the ultrasonographer's eye. Evidence is accumulating that the minor developmental abnormalities could be related to stress perceived in the extrauterine environment before term age (26, 27) . Significant increases in the catecholamines indicated that relatively invasive nursing procedures, such as endotracheal suction and chest physiotherapy, but also noninvasive handling procedures such the changing of a nappy, are stressful for the preterm infant (28, 29) . Animal research has indicated that exposure to stress during early development can induce permanent alterations in the structure and function of the CNS. Studies in rats showed that prenatal stress resulted in changes in serotonergic and noradrenergic activity in the cerebral cortex and alterations in dopaminergic activity in the striatum and prefrontal cortex (30) . Other studies indicated that alterations in the development of the monoaminergic systems can induce an impaired development of the maps of body representation in the primary somatosensory cortex (31) . In this respect it is interesting to note that a recent study of Hellerud and Storm (32) indicated that preterm infants differ significantly from term infants in response to tactile handling, both at term age and at 3 mo post-term.
In conclusion, our study indicates that preterm infants without cerebral palsy exhibit a "still" postural behavior during reaching in supine, which is not present in full-term infants. The "still" postural behavior is functionally adequate at early age, as it is associated with good reaching performance. Yet, we hypothesize that the "still" postural behavior is a motor adaptation, which is only temporarily and in the supine position adequate. It may be the result of stress-induced alterations in the central processing of somatosensory information and therefore be followed by less appropriate motor learning and development at later age.
